ABSTRACT: Diffuse matrix damage in rat cortical bone has been observed to self-repair efficiently in 2 weeks without activating bone remodeling, and unlike the case with linear cracks, the local osteocytes at the sites of diffuse damage remain healthy. However, the reason(s) for such high efficiency of matrix repair remains unclear. We hypothesized that transport of minerals and other compounds essential for damage repair is enhanced at the damaged sites and further increased by the application of tensile loading. To test our hypothesis, diffuse damage was introduced in notched bovine wafers under cyclic tensile loading and unloading. Using the Fluorescence Recovery After Photobleaching (FRAP) approach, we measured the transport of a small fluorescent tracer (sodium fluorescein, 376 Da) in damaged versus undamaged regions and under varying tensile load magnitudes (0.2 N, 10 N, 20 N, and 30 N), which corresponded to nominal strains of 12.5, 625, 1,250, and 1,875 microstrains, respectively. We found a 37% increase in transport of fluorescein in damaged regions relative to undamaged regions and a further $18% increase in transport under 20 N and 30 N tension compared to the non-loaded condition, possibly due to the opening of the cracking surfaces. The elevated transport of minerals and other adhesive proteins may, at least partially, account for the highly effective repair of diffuse damage observed in vivo. Clinical Significance: Diffuse damage adversely affects bone's fracture resistance and this study provided quantitative data on elevated transport, which may be involved in repairing diffuse damage in vivo. ß
It is well accepted that the "wear and tear" from physiological or fatigue loading leads to the development and accumulation of matrix microdamage, and, if not repaired properly, may result in fragility fracture. [1] [2] [3] There have been extensive studies characterizing the damage types and the loadingdamage content relationships. Two types of microdamage have been identified in both cortical and trabecular bones from animals and humans: Linear microcracks (typically $50-100 mm long) found in regions which regularly experience shear or compressive stresses; 3 and diffuse damage consisted of clusters of submicron-sized matrix cracks (<1 mm) in regions subjected primarily to tensile stresses. [4] [5] [6] [7] Similar to engineering composite materials (fiberreinforced plastics), repeated sub-failure cyclic loading has been found to cause diffuse damages, while higher loading is associated with linear microcracks in bone. The complex, non-linear relationships between the fatigue loading magnitude/duration with damage content accumulation (and the decline of bone properties) were recently reviewed. 2 The two morphologically distinct damages seem to elicit different repairing mechanisms to restore bone's mechanical integrity. 2, 7, 8 Experiments demonstrate that the removal of linear microcracks is accomplished through targeted bone remodeling, 9 ,10 a cell-mediated process triggered by osteocyte apoptosis at the damage sites. 11 In contrast, repair of diffuse matrix damage has been demonstrated to be independent of osteocyte apoptosis and bone remodeling. 8 A recent study by Seref-Ferlengez et al. provided definitive proof of the existence of such self-repair in vivo, where diffuse matrix damage niche was created reliably at a local region in living rat ulna and a mechanically and microstructurally effective repair was documented within 2 weeks. 12 The exact mechanisms behind such high efficiency of repair are currently unclear. Schaffler et al. suggested that it could likely involve the osteocyte lacunar-canalicular system (LCS), 2 the extensive interconnected pore network that allows rapid transport of fluid and solute in bone. [13] [14] [15] It is possible that, through the LCS, minerals and adhesive proteins in the bone interstitial fluid can be transported to the sites of diffuse damage and contribute to the repair process.
Most studies of solute and fluid transport in LCS have been performed in bones without fatigue damages, 13, 16 and therefore there is a lack of experimental data on how bone matrix damage alters LCS transport. Theoretical modeling work have shown that linear cracks significantly disrupt nutrient transport in the LCS 17 and alter the shear stress distribution patterns in regions around the crack. 18 However, there is currently insufficient experimental data on the transport at sites of diffuse damage. Therefore, the goal of the present study was to quantify and compare solute transport in bone regions with and without diffuse matrix damage under no loading or varying physiological strains, using the confocal microscopy, and fluorescence recovery after photobleaching (FRAP) techniques. We hypothesized that elevated transport would occur at the sites of diffuse damage and would be further increased with tensile loads. We speculated that this enhanced solute transport might be involved in the effective self-repairing process of diffuse matrix damage seen in vivo.
MATERIALS AND METHODS

Bone Sample Preparation
Diffuse matrix damage was introduced in notched bone wafers at the well-defined location (the root of notch). Block beams of bovine femur (from a $18-month-old healthy cow) were prepared frozen using a low-speed diamond saw (Buehler Ltd., Lake Bluff, IL) as described in a previous study (Fig. 1A) . 19 A V-notch (half depth of the cortical thickness) was introduced at the beam center using a milling machine (Series 5400, Sherline, Vista, CA). Block beams were sectioned into thin wafers, and one side of each wafer was polished with progressively finer grades of 600, 800, and 1,200 grade polishing paper and fine alumina powder (0.3 mm, Buehler). To remove the polishing debris, samples were sonicated between each polishing step (2 min for each sonication period). The final dimensions of the notched wafers were approximately 50 Â 4 Â 0.2 mm 3 (1.5 mm V-notch in the center). The final sonication stage was performed to remove any remaining debris from the devitalized bone surface. Polished wafers were stored in À20˚C prior to use.
Four notched wafers were subjected to repeated tensile loading and unloading for five cycles at a displacement rate of 6 mm/s using a tensile test device (Ernest F. Fullam Inc., Latham, NY) fixed on the stage of a light microscope (BX 51, Olympus America) (Fig. 1B) . The loading magnitude to create the opaque zones in the samples was approximately 45 N. Previously, it was shown that opacity is an effective indicator of diffuse damage induction and it enables saturating notch-tip with diffuse damage without breaking the sample. 19 The microscope setting allowed for both reflection and transmission images to be taken during the tensile loading process. Strips of Kimwipes were draped over the wafer, keeping the sample partially wet by wicking in water from the reservoir below. The overall humidity in the region of testing was maintained at $60% by a humidifier. Opaque process zones (size of $0.5 Â 0.5 mm 2 ) were observed to develop after the loading session at the root of the machined notch, suggesting the occurrence of post-yield matrix damage as shown in the transmission images (Fig. 1C ) similar to earlier studies 19 and in the confocal images (Fig. 1D ) following sodium fluorescein staining (detailed below). The regions 5-10 mm away from the notch did not show any changes of transparency and the presence of diffuse staining and thus were used as undamaged controls.
FRAP Experiments
To investigate the transport characteristics of the damaged and undamaged bone areas, the wafer samples were immersed in sodium fluorescein (0.1 mg/ml) dissolved in phosphate buffered saline (PBS) at 4˚C overnight before being subjected to the Fluorescence Recovery After Photobleaching (FRAP) tests, using an integrated loading/imaging apparatus (Fig. 2) . The custom system consisted of an electromagnetically actuated loading device (LM1 TestBench, Bose Corp., MN), a lens inverter (LSM Technologies, Etters, PA), and a confocal laser-scanning microscope (Zeiss LSM 510, Carl 
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Zeiss, Inc, NY). The bone wafer was held with tension grips and connected to the LM1 loading device, and the bottom of the wafer was in contact with the dye solution throughout the whole test. The bone wafer was then subjected to FRAP tests at either the opaque zone (with diffuse matrix damage) or the control undamaged regions, respectively, using a 40Â (0.6NA) air objective (Korr). The procedure for FRAP experiments was described in our previous study. 15, 20 Briefly, a cluster of fluorescently labeled lacunae approximately 15-20 mm below the wafer's top surface was identified. The central lacuna was selected as the target of the FRAP experiment and tightly enclosed with an elliptical region of interest (ROI) tool. The imaging setup included a 488-nm laser excitation wavelength, a 505-530 nm emission filter, 512 Â 512-pixel images, scanning speed of $1 s/frame, 5 s interval between image frames, in-plane (x-y) resolution of 0.22 mm/pixel, and a confocal pinhole of $4.2 Airy unit. The pre-bleach, photobleaching, and recovery phases of FRAP experiments were performed under non-loading (the 0.2 N tare load) or loading conditions. Three sets of measurements were performed to measure and compare solute diffusion in damaged versus undamaged regions under (i) non-loaded condition; (ii) tensile loading conditions; as well as (iii) the transport enhancements measured in the same lacunae under repeated tensile loads with increasing magnitude. For the first and second sets of experiments, lacunae were randomly selected from either the undamaged regions or damaged regions and were subjected to FRAP testing as described above while the bone wafer was held under a small tare load (0.2 N) or tensile loads (10 N, 20 N). Constant load was applied to the wafer during the FRAP tests. There was no effort to control the selection of the lacunae and different lacunae (N ¼ 11-31) that were used in the experiments for different loading magnitudes. For the 3rd set of experiments, the same lacunae (N ¼ 8) randomly selected from the damaged regions were subjected to sequential FRAP tests while the wafers were under increasing tension loads (0.2 N, 10 N, 20 N, and 30 N). Given the Young's modulus of bovine cortical bone ($20 GPa) 21 and the crosssectional area of the bone wafer (4 Â 0.2 mm 2 ), the nominal strains induced by the above loads were approximately 12, 625, 1,250, and 1,875 microstrain, respectively. Local strains near the notch are anticipated to be higher due to the presence of notch. To minimize additional damage to the samples, we pulled the sample at much slower speed (0.25 N/ s) in the load control model using the Bose Testbench system and at lower peak magnitudes (< ¼ 30 N) than the damage inducing magnitude ($45 N). 19 It took 120 s to apply the 30 N load prior to the FRAP tests, in contrast to the relatively faster loading time (30 s, Fig. 1B ).
Quantification of Transport Characteristics
Using a custom FRAP image analysis program, 20 we obtained the transport rate for each FRAP test, which was described as the reciprocal time constant for the tracer to refill the photobeached lacuna. Briefly, the time series of 8-bit tiff images from each of the FRAP sequences were imported into the analysis software. The time course of fluorescence intensity I(t) within the photobleached lacuna, including that prior to photobleaching I 0 , immediately after photobleaching I b , and the post-bleach steady-state intensity I 1 , were calculated from the time series. The intensity data were subjected to linear curve fitting with Equation 1 to obtain the transport rate k as described in our previous studies. 15 ln
As shown in Equation 1, the transport rate is determined by not only the intrinsic diffusivity of the tracer in the LCS (D), but also geometrical parameters, including the size of the lacuna, the number and length of the canaliculi connecting to the photobleached lacuna (which are reflected in d and Vr in Equation 1 ). In the first two experiments, transport rate was compared between damaged and undamaged regions. In the third experiment with repeated FRAP tests on the same lacunae, the transport enhancement was calculated as the ratio of transport rate at loaded condition relative to the non-loaded condition (k tension /k non-loaded ).
Statistical Analysis
All statistical analyses were performed using the Prism software package (GraphPad Software). The Student's twotailed unpaired t-test was used to compare the transport rate (k) and morphological measures of the photobleached lacunae between the damaged and undamaged control regions for the first two experiments. ANOVA was used for detecting changes among different loading magnitudes, followed by Tukey pair-wise comparisons. For the third experiment, the mean transport enhancement (k tension /k non-loaded ) was compared with a hypothetical value of 1.0 (indication of zero enhancement) using both a one-sample paired t test and a Wilcoxon sighed-rank test. Statistical significance was defined with p < 0.05.
RESULTS
No Morphological Differences for Photobleached Lacunae in Damaged Versus Undamaged Regions
As expected, the lacunae randomly selected from either damaged or undamaged regions did not differ significantly in terms of their size, shape (major and minor radii), and their average canalicular length (Table 1) . Therefore, the transport rate k, which is proportional to the effective diffusivity within the LCS (Equation 1), was reported and compared as an indicator of tissue permeability.
Increased Diffusion in Damaged Regions Compared With Undamaged Regions
In a representative FRAP experiment (Fig. 3) , the normalized fluorescence recovery ratio of targeted lacunae exponentially increased at sites of diffuse matrix damage (Fig. 3A) , which was more obvious after the logarithmic transformation of the data (a steeper slope indicated a faster refilling rate, Fig. 3B) . For all the lacunae tested, the mean transport rate of sodium fluorescein significantly increased by approximately 37% at the sites of diffuse matrix damage (k ¼ 0.025 AE 0.0008/s, N ¼ 30 lacunae) when compared with the undamaged regions (k ¼ 0.018 AE 0.0005/s, N ¼ 31 lacunae) (Unpaired two-tailed t-test, p < 0.0001, Fig. 3C ).
Tensile Loading Increased Transport in Damaged Regions
As diffuse damages typically occur in the regions under tensile loads, we examined the effects of tensile loading on solute transport in the damaged regions. The randomly selected lacunae underwent FRAP tests under a varying loading magnitude (10 N, 20 N) as well as non-loaded condition (with a small tare load of 0.2 N). For each loading condition, the mean transport rate at damaged regions was significantly increased when compared to the undamaged regions (Unpaired t test, p < 0.05, N ¼ 11-31 lacunae) (Fig. 4) . With increasing load magnitudes, the transport rate of sodium fluorescein measured in the undamaged control regions remained unchanged. In contrast, transport rate measured at sites of diffuse matrix damage was increased significantly under 20 N tensile loading compared with the non-loaded condition (Fig. 4) .
To further study the effect of loading magnitude, eight lacunae selected from damaged regions were subjected to repeated tests as the bone under increasing tensile loading (0.2 N, 10 N, 20 N, and 30 N). We found that the transport enhancement increased significantly by 18.0% and 18.1% at higher tensile loads of 20 N and 30 N, respectively when compared with the non-loaded condition (a theoretical [k tension /k nonloaded ] value of 1.0 indicating zero enhancement) using a Wilcoxon matched-pairs test (p < 0.05, Fig. 5 ).
DISCUSSION
The objective of this study was to determine the influence of diffuse damage (<1 mm) on solute transport in cortical bone. Our results confirm the hypothesis that solute transport is elevated in the damaged region and tensile loads enhance solute transport in the damaged region in a dose-dependent manner. This result is compatible with findings from previous studies [1] [2] [3] [4] [5] that have successfully demonstrated the penetration of various dyes including basic fuchsin into the diffuse damage area, suggesting an increase of transport or local permeability. These previous studies utilized protocols that required long staining times (up to weeks) to reveal the morphology of the matrix damages so that the distribution, area, or density of the damages could be quantified. However, the degrees of transport increase in diffuse damage regions and at what time scales that the transport increases are observed have not been resolved until this study.
In this study, the transport of a small fluorescent tracer (fluorescein, 367 Da) was measured in ex vivo bovine cortical bone after introducing post-yield diffuse matrix damage via cyclic tensile loading 19 and using the FRAP approach. 15 The tracer was chosen because it not only penetrated into the damaged areas as previous dyes (Fig. 1D) but also served as a surrogate for the presumed biological materials, which may be responsible for the surprisingly fast repair of diffuse damage observed in vivo. 12 Sodium fluorescein, as a mobile dye, has been used in studying transport in the bone lacunar-canalicular system. 13, 15, 20 In this study, we demonstrated that (i) diffusion was increased (37%) in damaged regions relative to undamaged regions and (ii) higher tensile loads further enhanced the transport rate of the tracer in damaged regions, possibly due to the opening of the cracked surfaces. These findings may explain the high efficiency of diffuse damage repair seen in vivo. 12 Repairing the ultra-small cracks in the diffuse damage sites requires transport of minerals and other binding molecules from the larger body fluid reservoir to the newly exposed cracked surfaces. This process is in contrast of that of repairing linear cracks and can be independent of the osteocytes' involvement, as suggested by Schaffler et al. 12 The same concept was proposed by Lanyon more than 2 decades ago. 22 Experimental evidence suggests the feasibility of such repair mechanism. Boyde 23 observed the deposition of new mineral within the crack and speculated that some cracks could "anneal" and "heal" in situ without the removal of the bulk damaged matrix. Biomineralization studies have clearly shown that the physicochemical dissolution and deposition of bone minerals constantly occur on the bone-fluid interfaces as found in the mineralizing osteoid 24 and in the process of refilling cracks in enamel. 25 Besides minerals, other non-collagen proteins may also be involved in the repair process. Vashishth et al. showed for the first time that diffuse damage form dilatational bands that were filled with high amounts of osteopontin (OPN, 44 kDa) and osteocalcin (OC, 6 kDa), both of which are associated with mineral-collagen complexes in bone matrix. 26 For example, OPN has been shown to act as "bone glue" and form "Ca 2þ -OPN" sacrificial bonds that help to repair matrix damage. [27] [28] [29] Our prior work also supports the contribution of sacrificial bonds to diffuse damage repair. 19 Enhanced transport of minerals and adhesive molecules to the damaged sites may help the recovery of sacrificial bonds and thus promote healing of the diffuse damages.
Although the repair mechanism discussed above could occur as a pure physicochemical process at the bone-fluid interfaces, osteocytes may contribute to this process by actively modulating the mineral and OPN contents at the damage sites. Recent studies demonstrated that osteocytes can directly regulate their pericellular matrix by adding or removing minerals. [30] [31] [32] [33] Fratzl et al. found that osteocytes intimately regulate matrix minerals that are less than 1 mm away from the surface of the canalicular wall. 34 In addition, osteocytes have been shown to produce DMP-1, MEPE, and OPN 35 and deposit these molecules on the surfaces lining the perilacunar and pericanalicular matrix, 36, 37 possibly due to their binding capability to hydroxyapatite. 38 Furthermore, a recent study showed that mechanical loading in vivo stimulates higher expression of these mineralization-related proteins in osteocytes. 39 Some of these proteins could undergo selfassembly in the presence of calcium. 40 These experimental data lead us to speculate that osteocytes at and near the damage sites may promote the production of adhesive proteins, which can be more readily available for healing the damage sites due to enhanced local transport. More studies are needed to examine the protein expression changes in osteocytes at and near the damage sites in vivo.
Besides the measurements of increased transport (þ37%) in diffuse damage areas, we also found þ18% increase of transport when the damaged bone under 20 N or 30 N tension (nominal 1,250 and 1,875 microstrain, respectively). On one hand, this suggests a potential benefit of increased supply of repairing materials to the diffuse damage areas if mechanical loading continues through exercise. On the other hand, exercise/tension may force the crack surfaces open, and thus exacerbate the damage and inhibit the repair. The net result from the two opposing effects of mechanical loading could only be revealed with additional in vivo studies. Our data would be helpful in designing future investigations regarding the in vivo loading regimens.
There were several limitations in the current study. Firstly, the measurements were performed on wafers machined from a bovine femur, where diffuse matrix damage was induced by non-physiological loading. This model was selected to overcome the challenges of creating diffuse damage in a reliable and reproducible manner. The additional advantages of this model included the ability to visualize the damage zone under light microscope and applying controlled loading magnitude. Secondly, despite the dynamic loading experienced by bone in vivo, steady tensile loading (10-30 N) was applied to the bone wafers. In our previous studies with dynamic loading, 20 ,41 a FRAP testing required up to 50 cycles of loading. Since we had subjected the same samples under multiple tests with varying numbers of testing lacunae and loading magnitudes, we tried to prevent any potential adverse effects of repeated cyclical loading on crack growth, which may alter the damage contents in the samples and thus confound the interpretation of the results. Lastly, only one small tracer was utilized in the study, although solutes involved in the diffuse damage repair mechanism may have a range of molecular weights. Our previous study demonstrated that solute diffusion in intact bone LCS reduced with increasing molecular weight (size). 42 Nevertheless, the finding that transport is increased in damaged regions at a dose-dependent manner with load magnitude will probably remain true for other sized solutes, although the degree of increase will be dependent on molecular weight of the solutes.
Despite the limitations, the current study was the first to measure the alteration of solute transport at the sites of diffuse matrix damage in situ, and found enhanced transport of small molecules at the sites of diffuse matrix damage. This process is anticipated to increase the efficiency of repairing the submicron-sized diffuse damage in living bone without activating the bone remodeling, but through physicochemical remineralization and molecular annealing. 
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